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Can iodosylarene act as an oxidant alongside high-valent manganese(V)-oxo complexes?
Yiran Kang, [a,b] Fang Wang, [a] Fabián G. Cantú Reinhard, [c] Chungu Xia, [a] Sam P. de Visser* [c] and Yong Wang* [a] Dedicated to the 70 th birthday of Prof. Sason Shaik Abstract: Metalloenzymes often utilize a high-valent metal-oxo species in their catalytic cycle that is formed through a combination of reduction/proton transfer steps from O2. In biomimetic chemistry, by contrast, iodosylarenes are commonly used as terminal oxidants to generate these high valent metal-oxo intermediates. There has been controversy in the literature for many years, whether the iodosylarene (or one of its side-products in a reaction with a metal center) can act as an active oxidant. Herein, we present a comprehensive theoretical study on the thioanisole oxidation by a range of possible oxidants originating from a reaction mixture of a Mn(III) complex with iodosylbenzene. We show here, for the first time, that actually iodosylarene complexes can react with substrates themselves and hence are active oxidants. In particular, the [Mn III (PhIO) High-valent iron(IV)-oxo oxidants play key roles in enzymatic catalysis and act as the active species in heme and nonheme enzymes.
[1] They are highly reactive and able to activate aliphatic C-H bonds and convert them to alcohols. [2] In general, the nonheme and heme iron-containing enzymes utilize molecular oxygen and either with the assistance of a cosubstrate, such as α-ketoglutarate, or a combination of reduction partners and proton sources, generate a high-valent iron(IV)-oxo species. In biomimetic chemistry, it is often not possible to use molecular oxygen as a source for forming high-valent metal(IV/V)-oxo species; therefore terminal oxidants, such as hydrogen peroxide or iodosylarenes, are commonly used instead.
[3]
Thus, iodosylarenes bind to an iron(III) or manganese(III) centre and through homolytic cleavage of the O-I bond gives the high-valent metal(IV)-oxo species and iodoarene radicals, or through heterolysis of the bond to form the high-valent metal(V)-oxo species and iodoarenes.
Over the years, considerable evidence has arisen that iodosylarene-bound metal complexes are non-innocent and could participate in substrate oxidation reactions without the need to convert further into metal(IV)-oxo intermediates. If that would be the case, the iodosylarene complexes could act as an alternative oxidant alongside the metal(IV/V)-oxo intermediates. Experimental work of the Goldberg group [4] established thioanisole oxidation by PhIO in the presence of [Mn III (TBP8Cz)], TBP8Cz = octakis(4-t-butylphenyl)corrolazinato. They proposed the thioanisole oxidation to be performed by a PhIO ligated manganese(V)-oxo complex, i.e., structure 3 in Scheme 1, rather than the more commonly accepted high-valent manganese(V)-oxo species (structure 2). Thus, yields were improved upon addition of extra PhIO to a manganese(V)-oxo complex and the oxygen atom in the product was traced back to PhIO through 18 O labelling. Computational modelling from several groups [5] on the relative reactivity of PhIO versus iron(IV)-oxo complexes revealed that both oxidants react with comparable oxygen atom transfer barriers, but those for the high-valent iron(IV)-oxo species are lower in energy and, hence, preferred.
No computational studies are known on structure 3 and its catalytic properties with substrates and therefore we performed a detailed density functional theory study. In this paper, we investigate the ability of iodosylbenzene (PhIO) as an oxidant as compared to manganese(V)-oxo using a corrolazine without side chains (H8Cz) ligand system, Scheme 1. Thus, a reaction between the manganese(III)-corrolazine and PhIO initially gives the iodosylbenzene bound complex (1), which after a heterolytic cleavage of the O-I bond forms manganese(V)-oxo (2) [4] utilized p-tertbutylphenyl groups on the corrolazine ligand, we replaced these by hydrogen atoms as previous work showed little effects on spin-state ordering, geometries and relative energies of analogous complexes.
[6] Calculations were performed using density functional theory with solvent effects (dichloromethane) included via the conductor-like polarizable continuum model (CPCM) using well tested and calibrated methods that have shown to reproduce experimental product distributions and rate constants well. [7] We started our work with investigating the top half of Scheme 1 starting with [Mn TSBE,4), but in both cases the barriers were negligible and the reaction collapsed to products rapidly. Therefore, in the presence of high concentration of PhIO the manganese(V)-oxo will bind an extra PhIO molecule to the complex. This will happen at either the distal or axial site of the manganese(V)-oxo and will depend on the angle of approach of PhIO on the metal centre. The ground state of 3 is a closed-shell singlet state (S = 0) and Table S13) lies above 1 3 by 5.6/6.2 kcal mol -1 . For 1 3, the Mn-Od distance is 1.537 Å and the Mn-Op distance is 2.707 Å; therefore, the interaction between the oxygen of PhIO and the Mn core is weak. As such, the electronic and structural properties of the Mn(V)-oxo moiety are little affected by the interaction. For 5 4, The MnOd distance is 1.744 Å, the Od-I one is 2.188 Å, and the I-Op (Table   S13 ). The distance between the Mn(O) and the PhIO moieties is large (> 2.7 Å, Figure S13b ) and the nature of the PhIO moiety and the Mn(V)=O moiety is less affected also for 1,3 4.
In the next stage, we explored the potential oxygen atom transfer reaction from 3 and 4 to thioanisole (Figures 3 and 4) . Binding of PhIO in the axial position keeps the metal in a closedshell singlet electronic configuration and consequently only has a minor effect on spin state energies and spin state ordering. By contrast, binding of PhIO in the distal position creates an I-O bond and oxidizes the metal from Mn V to Mn IV and gives a spin state change from singlet to quintet spin. The relative energies of 1,3,5 4 are strongly dependent on local perturbations and addition of thioanisole to the distal site brings all spin states within 5 kcal mol -1 , while the energy gaps are considerably larger with thioanisole on the axial site.
The reaction of thioanisole with either 3 or 4 has two possible oxygen atom transfer pathways from either the oxo group (Od) or from the PhIO oxygen atom (Op) and both were investigated for each oxidant. Figure 3 and 4 give ΔE+ZPE energies of all these reaction pathways, while full details are given in the Supporting Information (Figures S17 and S21 ). As can be seen all barrier heights are below 10 kcal mol -1 and hence should be accessible at room temperature conditions. Especially, The Op atom in the bonded PhIO of both the 3 and 4 preferentially transferred to substrate. And in Figure 4 , 5 TSp structure shows that the Od-I bond is 2.112 Å, which implies the strong interaction between PhIO and manganese-oxo complex even during the reaction process and the energy barrier is as low as 3.2 kcal mol -1 .
Clearly, multiple oxidation patterns of thioanisole are possible under these reaction conditions that originate from the reactivity of either 1, 2, 3 or 4. Note that attack of thioanisole on the axial (Op) atom in 3 results in dissociation of the axial ligand from the complex and essentially a direct reaction between thioanisole and PhIO takes place in the presence of a nearby manganese(V)-oxo species. In the absence of manganese(V)-oxo, the reaction of PhIO with thioanisole has an oxygen atom transfer barrier of only 12.0 kcal mol -1 ( Figure S11 in SI).
Therefore, thioanisole is easily oxidized by several oxidants and reacts with small reaction barriers. In summary, we propose a multiple-oxidant reaction mechanism (Scheme 1) for the reaction of thioanisole with a mixture containing [Mn III (H8Cz)] and PhIO through the formation and reactivity of oxidants 1, 2, 3 or 4 with substrate. As such products will be formed through a multitude of competing lowenergy pathways, which may have a general prevalence for biomimetic reaction mechanisms utilizing PhIO and related terminal oxidants as a reaction medium. Some of those pathways will be limited through spin-crossover patterns. Further detailed studies will be needed to establish whether the reactivity patterns seen here are characteristic for corrolazine ligand systems or could be applied to other heme and nonheme metal complexes as well. However, it is seen here that the concentration of PhIO should affect the reaction patterns dramatically and under high concentration conditions structures 3 and 4 could be formed. Especially, if structure 4 is more facile to conduct the thioanisole oxidation than 3, this provides a novel route for substrate activation.
